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OBJECTIVE
Monitoring the Comprehensive Test Ban Treaty (CTBT) to magnitude levels below 4.0 will require use of regional seismic data recorded at distances of less than 2000 km. One way to improve discriminant performance is to reduce scatter within ratio or phase amplitude measurements by correcting for the effects of source and path. By reducing scatter, separation between earthquake and explosion populations may be increased. Typically, researchers remove ratio-distance trends before forming discrimination plots (cf. Hartse et al. (1997a) ). A linear distance correction approximately accounts for attenuation and geometrical spreading, but other path effects, such as partial blockage of S,, or Lg, are not accounted for and contribute to scatter on discrimination plots. Furthermore, trends on spectral and cross-spectral discrimination plots are produced by the effect of source-scaling. Figure 1 shows an uncorrected Pg. spectral ratio discrimination plot, the distance trend, and the distance-corrected discrimination plot. The remaining trend on the distance-corrected plot is due to source-scaling.
In this paper our objective is to test three different methods of correcting for path effects, and the third method includes a correction for source-scaling. Our first method follows the approach of Zhang et al. (1996) . We remove ratio-parameter trends to reduce scatter within earthquake and explosion populations. This approach requires knowledge of the physical parameters along an event-station path, such as topography, basin thickness, and crustal thickness. Our second approach is somewhat more empirical. We examine spatial distributions of phase amplitudes after subtracting event magnitude and correcting for path distance. For a given station, phase, and frequency band, we grid and then smooth the magnitude-corrected and distance-corrected amplitudes to create a map representing a correction surface. Our third approach to path corrections is the most complicated, but also the most rigorous. For a given station and phase, we invert the spectra of a number of well-recorded earthquakes for source and path parameters. We then use the values obtained from the inversion to correct phase amplitudes for the effects of source size, distance, and attenuation.
We find that simple path parameter corrections can improve discrimination performance along some paths (such as Kazkh Test Site (KTS) to WMQ), but for other paths (such as Lop Nor to AAK) the path parameter corrections are not beneficial. We find that the empirical path correction surfaces improve discrimination performance for Lop Nor to AAK paths. Our combined source and path correction method has only been tested at WMQ (primarily using KTS explosions and northwest China earthquakes), but the method successfully corrects for source-scaling and propagation effects. We favor this combined source and path correction technique over the other correction methods.
RESEARCH ACCOMPLISHED

Data Used and Region Studied.
Most of the waveforms used in this study were recorded at WMQ in northwest China and AAK in Kyrgyzstan. However, we have also used data recorded at CDSN stations LZH, ENH, and XAN, and NIL in Pakistan recorded at distances of up to 2500 km ( Figure  2 ). Most events studied are regional earthquakes, but WMQ has recorded over 25 KTS explosions (at a distance of about 960 km), and AAK has recorded 7 Lop Nor nuclear explosions (at a distance of about 1190 km). We obtained event locations, magnitudes, and origin times from United States Geological Survey Preliminary Determination of Epicenter (PDE) catalogs for the years 1987-1996, and we obtained event information from regional Chinese catalogs for earthquakes smaller than about magnitude 4.0 for the years 1987 -1989 (Gao and Richards, 1994 .
Method I -Correcting Ratios Using Physical Path Parameters. Zhang and Lay (1994) showed that statistical trends exist between topography and some phase amplitude ratios for nuclear explosions from the Former Soviet Union's Kazakh Test Site (KTS) recorded at several seismic stations distributed throughout Eurasia. Later, Zhang et al. (1996) obtained a reduction in variance of earthquake phase ratios from the western United States by correcting for surface roughness. While these earlier studies have shown that variance reduction within an earthquake-ratio population is possible, they do not address whether separation between earthquakes and explosions can actually be increased by correcting for path effect. Here, we examine the scatter within each event population and we measure the change in separation between earthquake and explosion populations after correcting Pg /Lg ratios for path effects related to topography, basin thickness, and crustal thickness (Figure 3 ).
For northwest China earthquakes and nuclear explosions from KTS recorded at WMQ, we find that distance-weighted topography and distance-weighted basin thickness corrections do indeed improve the Pg/Lg discriminant for the 1.5-3 and 2-4 Hz bands. We speculate that this increased separation occurs because the explosions, from KTS traverse paths with relatively smooth topography and uniform crustal thickness, while most earthquakes we studied have more complicated paths, traversing the topographically rough Tian Shan, the Tarim Basin, and the Junggar Basin (Figure 2 ). For northwest China earthquakes and nuclear explosions from the Lop Nor test site recorded at AAK, we do not find path corrections that improve the Pg/Lg discriminant. For details concerning this study see Hartse et al. ( 1997b) . The primary drawbacks of this method is the required reliance on physical path measurements, which may often be quite coarse, and the fact that we have not accounted for source-scaling effects. Method 2 -Empirical Path Corrections.
We have examined spatial distributions of amplitudes of regional phases to find coherent patterns that can be used as path corrections (Phillips et al., thisvolume) . For data recorded at a given station, we first correct phase amplitude for source size by subtracting event magnitude (mb), followed by a linear distance correction. The corrected amplitudes are then smoothed spatially by averaging vaIues over a geographical grid (Figure 4) . We smooth only where a threshold number of crustal events (currently 5) fall inside a given bin. Our implicit assumption is that the smoothing averages out source radiation and depth effects, leaving an estimate of the path effect that can be used for correcting phase amplitudes and, therefore, individual discriminants.
After estimating correction surfaces for several phases and frequency bands, we use the correction maps to form amplitude ratios and then discrimination plots. Figure 5 shows results for Lop Nor events recorded at AAK. For the Ps/Ls (3-6 Hz) band, the corrections increase separation between the earthquakes and explosions. There are two drawbacks to this method. First, correction maps can only be estimated when there are abundant earthquakes from a given region. Second, we have still not considered the source-scaling effect that will be present in the spectral and cross-spectral ratios. Method 3 -Source and Path Amplitude Corrections.
Our third correction technique is a procedure for the estimation of frequencydependent source and propagation amplitude corrections for regional seismic discriminants (Source Path Amplitude Correction -SPAC; Taylor and Hartse, 1997) . For a given station and phase, a number of well-recorded earthquake spectra are inverted for source and path corrections. The method assumes a simple Brune (1970) earthquake-source model and a simple propagation model consisting of a frequency-independent geometrical spreading and frequency-dependent power-law Q . The inverted low-frequency levels are then regressed against rnb to derive a set of corrections that are a function of rnb and distance. Once a set of corrections are derived, effects of source scaling and distance as a function of frequency are applied to amplitudes from new events prior to forming discrimination ratios. The resulting discriminants are normally distributed and amenable to multivariate feature selection, classification, and outlier techniques.
To date, most discrimination studies have removed distance corrections once a particular amplitude ratio is formed (Distance Corrected Ratio -DCR; Figure 1 ). DCR generally works well for phase ratios taken in a particular frequency band. However, when different frequency bands are combined (for phase spectral ratios or cross spectral ratios), significant source-scaling effects (e.g. corner-frequency scaling) can remain, causing the discriminants to vary as a function of event size and to be non-normally distributed. It is then often necessary to construct non-physical transformations in an attempt to make the discriminants multivariate normal. The SPAC technique can be used to construct discriminants that are multivariate normal. Moreover, phase amplitude residuals as a function of frequency can be spatially averaged and used as additional path-specific corrections to correct for additional propagation effects, such as phase blockages. For the frequency-dependent amplitude inversion, we basically follow the technique of Sereno et al., (1988) with minor modifications. The results of the inversion for the source-path corrections for Lg are shown in Figure 6 . Once the parameters are obtained, the amplitudes from other events can be corrected for source scaling and propagation using SPAC. To do this, it is first necessary to obtain an estimate of the low-frequency level, So. We have chosen to tie the low-frequency level to magnitude. Note that although the dislocation source model used in correcting the amplitudes is not appropriate for nuclear explosions, we still use it because, in an actual monitoring situation, the source type would be unknown.
As an example application, we corrected Pg amplitudes and plotted Pg (0.75-1.5 / 4-8) Hz spectral ratios versus mb. The top portion of Figure 7 shows the distance-corrected spectral ratio (this correction is illustrated in Figure 1 ) and the SPAC-corrected ratio. For the upper left figure, we formed Pg spectral ratios for earthquakes with good signal-tonoise ratio, and then regressed the ratios against the logarithm of distance. We then applied the distance correction factors to all ratios for earthquakes and nuclear explosions having signal-to-noise values greater than 2. The corner frequency scaling is still present as an increase in the spectral ratio with magnitude. The overlap between the two populations is illustrated in the Iower left portion of the figure using the estimated normal probability density function. Visually, the P, ratio with just the distance correction plotted versus mb appears to show good separation between earthquakes and explosions. However, rnb is never actually used as a discrimination variable and a multivariate discrimination method would see the projection of the spectral ratio on the ordinate. For the SPAC method, the trend with mb is removed and the separation and variance projected on the ordinate are improved and reduced, respectively (compare Figure 7 lower left with lower right).
CONCLUSIONS AND RECOMMENDATIONS
We tested three path correction methods for regional seismic discriminants. The first method removes the effects of particular physical parameters along a given path, such as topography or crustal thickness. The advantage of this method is that it is easy to apply, and it can be applied where little historical seismicity has been recorded. However, in many regions, some physical parameters are poorly known, such as basin thicknesses. Also, for northwest China we did not find consistent corrections that work for stations AAK and WMQ, two relatively "close" stations for this region of Asia. Our second method is an empirical path correction, relying solely on the residuals of phase amplitudes. Based on initial results, this method has helped increase Pg/Lg discriminant performance. However, this method relies on abundant data and hence will not be applicable to relatively aseismic regions. Our final method corrects for both source-scaling effect and propagation effects. We have used this method to improve the Pg spectral ratio discriminant using data from WMQ. We favor this correction technique as it removes source-scaling effect and propagation effect. We plan to apply this technique across central Asia.
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Distance ( Figure 1 . Illustration of the Distance Corrected Ratio (DCR) technique commonly used for applying distance corrections to a Pg spectral ratio discriminant. Upper right panel shows uncorrected spectral ratios for earthquakes and nuclear explosions at WMQ (Hartse et al., 1997a) . Left panel shows earthquake P, spectral ratios for events with a signal-tonoise ratio greater than 10 regressed versus the logarithm of the distance. Lower right panel shows distance-corrected P, spectral ratio. Notice dependence of the spectral ratio with magnitude remains. (Fielding et al., 1993) . Parameters displayed and extracted from data grids using the GMT software of Wessel and Smith (1991) . Figure 7 . Comparison of DCR (left) and SPAC (right) techniques. P, spectral ratio of the 0.75 to 1.5 and 4 to 8 Hz bands versus rnb using the distance correction method illustrated in Figure 1 (top left) and using the combined source and path corrections (upper right) for earthquakes and nuclear explosions described in Hartse et al., (1997a) . Normal probability density function for Pg spectral ratio of earthquakes and nuclear explosions using just distance correction (lower left) and combined source and path corrections (lower right).
